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ifflSa?RA.CT 


Criticality experiments using gaseous fuel are reported on The experi- 
ments were relatively "clean" and' should serve as henchmarks for calcu- 
lational purposes The inner spherical gaseous fuel region (127 cm dia) 
was located in a l83 cm diameter cavity surrounded by 91 cm of com- 
mercial grade heavy water The critical mass was 8 4 kg of uranium in 
gaseous UF^ form The second configuration had hydrogen added between 
the fuel and the cavity wall The third added structural material to 
the cavity wall The critical mass increased to 12 86 kg and 29 2 kg 
of uranium, respectively Four methods of controlling reactivity were 
examined Results were favorable, with total control system worths as 
high as l8 dollars 
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SUMMARY 


1 0 


A spherical gas core critical experiment was conducted in 
order to provide henclmiark results for the cold conditions of a typical 
nuclear rocket concept This experiment had a significant advantage 
over previously measinred configurations — it was a relatively clean 
spherical geometry, and thus could he analyzed hy one dimensional reactor 
physics codes In fact , the perturbations to perfect spherical geometry 
were experimentally evaluated as being worth less than 3/^^Ak, and thus 
this experiment can serve as a convenient and "simple" benchmark 

The basic reactor dimensions were a core region 127 cm diam- 
eter in a cavity l83 cm in diameter and reflected by 91 ^ cm of DgO Three 
configurations were measured The first , with the bare minimum of structure 
and no hydrogen in the cavity region, had a critical mass of 8 i+34 kg of 
uranium (in the form of 12 52 kg of OTg) When 1 x 10^^ atoms /cc of 
hydrogen were added to the cavity region between the core and reflector , 
the critical mass increased to 12 86 kg of U When the cavity wall was 
made nuclear ly thicker by adding 0 019 mean free paths of thermal absorber 
as 0 076 cm of stainless steel, the critical mass increased to 29 2 kg of U 

Efforts were made to correlate these clean (without control 
systems) spherical experiments using Si^ transport theory with 19 energy 
groups (seven of which were thermal) In these initial efforts, the 
absolute multiplication factor was calculated to be approximately 1 OU, 

3^Ak higher than the corrected experimental value The worth of the 
added stainless steel absorber on the cavity wall was predicted to within 
approximately 3^ However, the worth of adding hydrogen to the cavity 
was underpredicted by approximately 50$ The reason for this discrepancy 
and of the 3$Ak over prediction of the basic eigenvalue has not been 
resolved 


The commonly proposed methods of controlling this type of 
reactor is to have movable poison absorber devices in the reflector 
Four such control schemes were measured using the pulsed neutron generator 
technique Rotating drums, caps that fit against the cavity wall, and a 
sleeve that slides down over the cavity wall all yielded very large swings 
in reactivity These three methods all were worth more than the 23 control 
rods of the operating control system of the critical experiment Total 
control system worths exceeding 10$Ak can easily be designed for a gas 


core system of this type 


23 Control Rods 
1 Control Drum 
1 Cap 
1 Sleeve 

(Note One dollar = 0 


Total Worth $Ak/k 

(3 8 ± 0 U) 


Worth $Ak/k 


cm 


0 3) 
0 5) 
k 0 ) 


1 kk X 10-3 


1 58 X 10 3 

96 X 10-3 


(2 0 ± 

(3 9 ± 

(17 ± 

788$Ak) 

The concluding reactor run for this series of tests was made 
at a power of 500 watts for 2 hours duration Nuclear heating was suf- 
ficient to maintain the core temperature above 210 F and the external 
electrical heaters normally used to maintain the UFg core in the vapor 
state could be turned off 
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INTRODUCTION 


2 0 


Over the past several years a continuing series of reactor 
critical experiments have been performed on a nuclear mockup of a Gas 
Core Cavity Reactor (ref that shows promise for space pro- 

pulsion applications The work is sponsored by the National Aeronautics 
and Space Administration, Lewis Research Center and was performed at the 
Low Power Test Facility at the National Reactor Testing Station in Idaho 
All of the initial work in the above references was done on a cylindrical 
configuration Analytical correlation of the test results was difficult 
and not very extensive because of the exceedingly long convergence time 
(ref 6) required for either transport or Monte Carlo solutions in two 
dimensions This, together with the results from recent flowing gas 
tests (ref 7) showing that a spherical shaped cavity can give large 
fluid dynamic containment of the gaseous fuel, provided the basis for 
the spherically shaped experiments 

During the latter half of 1969 a spherical geometry Cavity 
Reactor Mockup was constructed and nuclear testing with a highly enriched 
235upg core commenced This document contains the test data and summarizes 
the results from the eaperiment 

Following the initial fuel loading to criticality three 
configurations were tested 

Configuration ^1 - clean spherical geometry ( except for 

necessary structural material) 

Configuration #2 - 1 x 10^^ atoms/ cc hydrogen in the form 

of styrafoam added to the cavity pro- 
pellant region, (region between the 
UFg sphere wall and the cavity wall) 

Configuration #3 - same as Configuration except 0 019 

mean free paths of thermal absorber 
material in the form of stainless steel 
added to the cavity wall 

Throughout this report these three configurations will be 
referred to as the bare, hydrogen, and stainless steel configurations, 
respectively. 
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3 0 DESCRIPTIOir OF THE TEST ASSEMBLY MD TEST PROCEDURES 

3 1 Test Assembly 

Figure 3 1 and TaUle 3 1 show the arrangement of the reactor 
system The salient components are labeled and Table 3 2 lists the im- 
portant component dimensions, -weights when known, and construction 
materials 


Concentric spheres , 12T 6 cm o d and l83 1 cm o d , 
respectively with 0 635 cm thick walls nominal, form the core tank and 
cavity wall The cavity wall sphere composed of two halves is held 
together with a stainless steel V-band and 0-ring seal arrangement 
Removal of the top hemisphere allows access to the cavity region for 
installation of test material The cavity wall is also the inner con- 
tainment for the surrounding heavy water reflector-moderator of the 
system 


The outer containment wall of the reflector-moderator is a 
tank which provides a minimum D2O thickness of 91 4l cm (3 feet) This 
tank consists of a cylindrical section, 365 8 cm (12 feet) in diameter 
by 152 It cm (5 feet) in height Truncated conical top and bottom 
sections are 106 7 cm (3 5 feet) in height and the top and bottom 
plates forming the ends are 152 h cm (5 feet) in diameter The tank 
would thus appear as an octagon in an elevation view and circular in 
the plan view A portion of the top conical section is a removable 
lid of sufficient diameter to allow installation and maintenance of the 
cavity and core spheres Control rod guide tubes (3/^-inch schedule 
kO pipe) extend into the D2O a distance of 86 5 cm from reinforcing 
plates welded to the side of the tank In addition, a 2- inch schedule 
40 pipe extends up from the cavity sphere and serves as a sensor access 
well to the cavity region and core 

The cavity sphere is supported on an 8-inch schedule 40 
pipe (o d = 21 91 cm) The core sphere is on a concentric 5-inch 
schedule 40 pipe with a series of holes through the wall near the 
core tank The annuli formed by these two colimns along with two 
concentric sheet metal shrouds surrounding the core sphere provide 
inlet and outlet channels for a forced air heating system to maintain 
the UFg fuel in the gaseous state Figure 3 2 shows a horizontal cross 
section diagram across the core and cavity with nominal dimensions and 
shroud spacing A 1-inch schedule 40 pipe leading from the fuel transfer 
and heating system up through the core support column to the core tank 
provides a means of transferring fuel into and out of the reactor 

Control IS achieved with eight shim scram actuators, located 
and equally spaced circumferentially, at the reactor midplane Each 
actuator, with the exception of one, drives a gang of three poison tips 
in the control rod guide tubes One guide tube was used as an addi- 
tional sensor well during power and fliix measurements Thus the regular 
control system consisted of 23 poison tips 
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3.2 


Fuel Transfer and Core Heating System 


At the start of a normal operation the core tank containing 
UF^ IS heated to vaporize the fuel "by drawing air over electrical heaters, 
through a metal "hot hox" and associated ducting leading to the core 
support column, The hot air then passes up the support column, through 
some holes through the wall near the top, and out into an annulus formed 
hy the core tank and a thin aluminum shroud open at the top as shown in 
Figure 31 A second, outer, concentric shroud guides the outlet air 
hack to an annulus formed by the core support coliimn and the cavity sphere 
support column hence out through the exit ducting, which is concentric 
with the inlet ducting part of the way, to a filter and blower which 
exhausts the air 

Fuel IS transferred to the core tank, from a UFg shipping 
cylinder heated by the hot air in the "hot box" through a 1-inch schedule 
4 o pipe which IS concentric with the inlet air ducting and core support 
column A sleeve type valve on the core support column near the top can 
be adjusted so that the hot air bypasses the core Thus the core tank 
can be maintained at a temperatiire sufficiently low to allow condensation 
of the UFg vapor being fed into it from the heated cylinder and transfer 
line with their associated valving 

3.3 Test Procedures 


The principal measurements made on these critical experi- 
ments were reactivity, power distributions and flux distribution The 
achieving of criticality is considered to be only an intermediate step, 
and though subcritical data can yield information on reactivity, those 
results are usually less reliable than the measurements made from the 
critical configuration. When feasible, the measurements were made with 
the control rods nearly fully withdrawn so as to limit the amount of 
perturbation of the reflector flux caused by the control rods 

Reactivity measurements were made using the delayed neutron 
parameters, either by means of asymptotic positive period measurements 
and the inhour equation or by means of the inverse kinetics method of 
computing reactivity from a flux trace Base conditions were established 
by measxiring the asymptotic period rather than by establishing a level 
power position The long-lived (7-n) reactions in the D2O created a 
strong enough spurious neutron source that level power conditions were 
always subcritical, and by differing amounts depending on the past oper- 
ating history and hence the strength of the source Period measurements 
could be made over several decades, thus making possible a reliable extrap- 
olation to the asymptotic, no-source value. The relatively small integrated 
power of a period measurement also minimized the spurious (7-n) source 
buildup The delayed neutron parameters used for this reactor are given 
in mble 3 3, and include eight groups of neutrons from (7-n) reactions 
in the heavy water The total delayed fraction (one dollar) was 0 t88^* 


This value of 0.7885^ includes corrections for differences in importance 
of the delayed and prompt neutrons Commonly called the effective 6, 
this value is slightly higher than the direct 6 because the delayed 
neutrons are born at a much lower energy 
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All resTolts are reported in instead of dollars and cents Without 
considering uncertainties in the delayed neutron fraction, most period 
measurements of reactivity have associated with them an uncertainty of 
approximately ±0 0005^ilk Day-to-day reactivity measurements (at the 
same average core temperature and constant reflector temperature) 
were reproducible to within ±0 0015^k Reactivity coefficient measure- 
ments made all in the same day ( sample vs base ) have an approximate 
uncertainty of no more than ±0.001^1t. 

Ihe temperature coefficient of the core, once all the fuel 
was vaporized, was too small to be measured over a span of approximately 
in the neighborhood of 210°P - i e the temperature coefficient was 
probably less than 0,0015^^!^ per 7°P Hie reflector temperature coeffi- 
cient was not measured in this experiment because there was no provision 
for heating or controlling the temperature of the D2O However, on an 
earlier cylindrical configuration (Ref 1, p 1T2 and I81), the temper- 
ature coefficient of the D2O reflector -modern tor was found to be quite 
significant, approximately -0 01h<^£^/°C in the region of 30°C Similar 
values would be expected for this spherical configuration Day-to-day 
■variations of D2O temperature were less than l/2°P Prom winter to 
summer the D2O temperat'ure did vary by 11°P, and thus absolute k-excess 
■values drifted by perhaps as much as 0 between the critical condi- 

tion meas^urements on Configuration 1 and 3^ bare and stainless steel, 
respectively 

In the heating and cooling of the reactor, some ■unusual 
effects were obser'ved in reactivity as the fuel ■was passing to or from 
the ■vaporization s^tate [Hiese results are discussed in Section 9 

Power distribution measurements were routinely made using 
aluminum fission-product-catcher foils on cleaned urani^um me^tal sheet 
Reproducibility of results is better than ±2^, and there is no detectable 
spectral dependence of this technique in the thermal or near thermal 
range Decay of the foils was automatically included by counting all 
foils vs a normalizer foil from the same exposure Absolute power le^vels 
were determined with a 2 tt beta counter (3.8 cm radius chamber) pre cali- 
brated with absolute fission chambers and gold foils. Ihis counter (an 
MMC type PC-3) gives 56 fiss/gm of U-235 per count per minute 50 minutes 
after shutdo-wn from a constant 20 minute exposure. Absolute power 
le"vels are believed to be accurate to ±3^ standard deviation 

thermal fluxes are reported as equi^valent 2200 m/sec fl^uxes, 
not as Ifexwell -Boltzmann average fluxes The fl'uxes were determined by 
use of bare and cadmium covered gold foils The gold -was nominally 
0.0012 cm thick, with an effective resonance integral of 68O barns 
(vs 1555 barns infinitely dilute). In computing cadmi^um ratios, each 
foil ■was corrected for its effective resonance integral (ref 8) by its 
mass to give the infinitely dilute value Thermal flux perturbation was 
negligible, nominally 2% (ref 9). The cadmium covers employed were 
0.05 cm thick, giving an effective cadmium cutoff energy of 0 55 ev (ref. 
10 ) 
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TABLE 3,1 

Spherxcal Cavity Reactor Configuration Code 


Code No 


Description 


1 

2 

3 

h 

5 

6 

7 

8 
9 

10 

11 

12 

13 

ll^ 

15 

16 
IT 

18 

19 

20 
21 
22 
23 
2h 

25 

26 

27 

28 

29 


Core sphere tank 

Air flov guide baffles 

Cavity sphere tank 

Stainless steel V-band connector 

DgO tank 

Sensor well 

Removable D2O tank lid 

D2O level sensing and fill level limit switches 
Typical of 8 syumetrical control rod actuators 
and support 

Control rod poison tip (cluster of three per actuator) 

Control rod guide tube 

Core tank support column 

Cavity tank support column 

UEg fuel line 

Cavity tank hold down rod (typical of 8 syrnraetrical) 
Core tank valve 

Air operated D2O quick dump valve 
Motor operated D^O inlet control valve 
D2O fill line 
D2O pump 

D2O overflow and cover gas return line 
Mam support column 

Valve bellows and valve actuating mechanism 

DpO tank support column 

Emergency D2O catch tank 

Work platform 

Hand rail 

UEg transfer and core heating system 
D2O storage tank 
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TABIS) 3 2 


Component 


Core tank 


Core tank sensor 
veil flange 

UPg inlet line 

Core tank support 
column 

Cavity tank vail 


Cavity tank 
support coliann 

V band connecter 
and bolts 

Sensor veil 
guide tube 


Reactor Component Description 


General Description 

Weight 

kg 

Dimensions 

lyfeiterial 

Two spun hemispheres velded 
together. Designed for 
internal pressure of 50 psig 
at 230° F. 

90 72 

127.55 cro O.D. 

X 0.635 cm wall 
nominal 

5052 A 1 

2 -inch pipe flange and neck 
extends above core tank 12 86 cm 

2 ( calc . ) 


6061 A 1 

1 -inch schedule 4o pipe 
5 -inch schedule 4o pipe 


3 34 cm 0 D 
X 0 338 cm wall 
l 4 12 cm wall 
X 0 655 cm wall 

5052 A 1 
5052 A 1 

Two spun hemispheres held to- 
gether VI th a SS V-band clamp 
and sealed with a butyl rubber 
0 -ring 

170.1 

183 10 cm O.D 
X 0 635 cm vail 
nominal 

5052 A 1 

8- inch schedule 4o pipe 


21 9 cm 0 D 
X 0 818 cm wall 

5052 A 1 

Marmon V-band clamp 

8 62 


301 SS 

2 - inch schedule 40 pipe 



1100 A 1 



mSEE 3 2 


Component 


Control rod 
guide tubes 


Control rod guide 
tube end spacers 

Startup neutron 
source guide tube 


Cavity tank bold 
down rods 


Air flow circulation 
baffles 


Core tank valve 
push rod 


( Continued) 


Weight 

General Description 


3/^- inch schedule ^l-O pipe 
sealed at one end with welded 
flat plate 

Qk'iangular piece - one on the end 
of each gang of 3 guide tubes 

1 1/2-inch schedule 40 pipe - 
penetrates reflector -moderator 
tank above midplane and extends 
downward at 30° angle to cavity 
tank wall near midplane 

8 - 9/16-inch diam, rods equally 
spaced around periphery of cavity 
tank and extending downward to 
the floor of the reflector mod- 
erator tank 

2 concentric octagonal spheres with 29.94 1100 A1 

a transition to cylindrical at the 
bottom- constructed from 20 gauge 
aluminum sheet 

1/2-inch diameter rod 


kg Dimensions Ifeterial 

5086 A1 

325 ea. 1100 A1 

5052 A1 

6061 A1 


1100 A1 



5!ABLE 3 3 


Effective Delayed Feutron. Barameters 


Group 

e. 


1 

0 00021 T 

0 012400 

2 

0.00lit60 

0 030500 

3 

0 001315 

0 111000 

k 

0 002640 

0 301000 

5 

0 000766 

1 100000 

6 

0.000280 

3 000000 

T 

0 000780 

0.277000 

8 

0 000240 

0 016900 

9 

0 000084 

0 004810 

10 

0 000040 

0 001500 

11 

0 000025 

0 000428 

12 

0 000028 

0.000117 

13 

0 000004 

0 000044 

Ik 

0 000001 

0 000004 


0 007652 
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Fxg. 3,1 Overall diagram of the Splierical Cavity Reactor Configuration 



i^.0 COIJI’IGURATIOH (initial Configuration) 

k 1 Initial Fu^l Loading 


Initial HFg transfer to the core tank and the taking of 
inverse multiplication data began on December 4, 19^9 Prior to any 
actual fuel loading a 19-grou.p transport calculation v?as performed 
vith the SCAMP (ref. ll) Code to estimate the critical mass The calcu- 
lation with a slight adjustment from fuel worth measurements made on 
previous configurations (Pigure 3 3^ Hef 3) resulted in calculated 
critical uranium mass of 8 4 kilograms The actual adjusted critical 
loading completed on December 10, 19^9^ 'was 8 434 kilograms \iranium 
The mathematical spherical model used for the calculation is given in 
Ohble 4.1 


A normal incremental loading procedure was followed Three 
comting channels were used to monitor multiplication After the tenth 
increment with a fuel loading of 8 673 kilograms of uranium (12 880 
kilograms "UPg) the reactor -pras critical with a k-excess of 0 24o4?^/k 
Loading and counting data is given in Thble 4 2 and the average inverse 
multiplication from the three counting channels is plotted in Figure 4 1 

4.2 Reactivity Measurements 

4.2.1 Control Rod Worth Measurements 

The reactivity worth of two of the eight control rods 
(actuators 4 and 8) was measured by period measurements and the data 
are tabulated in Table 43 In addition, a single rod (actuator 4) 
and an all rods insertion flux trace was obtained from the critical 
position, from which the rod worth shape curve was obtained by an 
inverse kinetics calculation The rod shape from these calculations 
along with the points obtained by the period measurements are shown 
in Figure 4 2. The total rod worth of actuator ^ by inverse kinetics 
was (0.62±0 04)5^i!ik By period measurement of incremental sections, 
actuator ^ is worth 0 585?^/k and actuator ^ is worth 0 534^!^/k 
Actuators 4 and 8 are l80° apart around the DgO tank When the worth 
difference was observed from the measurements an inspection of geometry 
revealed that the cavity sphere is slightly off center (by ~ 1 cm) 
with respect to the ring of actuators and that the tips of actuator 
in the inserted position are slightly closer to the cavity wall than 
those of actuator j/S, which accounts for the difference in worth 
Fortuitously, these two actuators are located at the points of greatest 
offset of the cavity sphere, therefore the total control system worth 
was estimated to be eight times the average worths of actuators 
and ^ or 4.289?^k/k (adjusted for one poison tip missing from actuator 
^5 where the guide tube was used as a sensor well into the D^O) This 
total control system worth is probably slightly high, since it assumes 
no "shadowing- interaction" of actuator worths This effect is at most 
2 to 3^ of the total summed worth, which was the limiting accuracy of 
the measurements that attempted to evaluate the interaction effects 
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4.2 2 Jfeterial Reactivity Worth Measurements 

Fuel worth in the core was determined by adding a 19T 67 gfii 
increment of JJF^ to the initial fuel loading UFg worth is 1 99^;^/k 
per kilogram of the hexafluoride or 2 S6fc^/'k per kilogram of highly 
enriched uranium (93 25^^35) metal 

The functional loss of a valve isolating the core tank 
from the fuel transfer line made it necessary to make all measurements 
with fuel in the transfer line To evaluate the worth of fuel in the 
line^ a mockup of the line;, through the DgO and cavity^ was constructed 
by wrapping sheet fuel on an aluminum wand and measuring the worth of 
the mockup in the sensor well The 27 5 grams of sheet fuel (oralloy)^ 
at evenly spaced intervals along the wand to simulate a uniform radial 
distribution^ was worth 3 833 ^Ak/k on a per kilogram basis 

[Hie results of the two foregoing measurements were used to 
correct the initial loading for comparison to the clean calculated 
critical mass value spoken of in 4 1 above 

One additional fuel worth measurement was made in the sensor 
well with sheet fuel by placing 6 94 grams of oralloy^ evenly distributed 
on a wand over a 22 8 cm length of the core radius from the center 
Ihis fuel was worth 1 on a per kilogram basis, and is approx- 

mately a core-center fuel worth. 

Stainless steel worth on the cavity wall was evaluated by 
placing 93^ grams (4 strips) of type 304 on the DgO side of the wall. 

This measurement yielded a value of ~0.2547/^4k/k per kilogram If 
this worth IS applied to the stainless steel Y-band connector holding 
the two hemispheres of the cavity tank together to create the seal 
then the reactivity worth of the Y band (8 62 kg) is -2.20^Ak/k 

One additional stainless steel measurement was made to 
evaluate the worth of four stainless steel bolts used to fasten the 
flange containing the sensor well to the top flange of the core tank 
Ihis measurement vths made by placing an identical bolt (l42 2 grams) 
in the sensor well at the same radial position as the flange bolts 
From the measurement the four flange bolts were calculated to be worth 
-0 105^/k. 


To evaluate the worth of the aluminum in the support columns 
to the core and cavity tanks and of the void they create through the 
D 2 O an aluminum mockup tank -vTas constructed It was installed at the 
top of the reactor around the sensor well tube through the DpO The 
reactivity worth of this tank was -0 54l^!!sk/k. The worth or a 21 6 cm 
( 8,5 inches) length of aluminum pipe (5-mch schedule 4o) in the void 
between cavity wall and the ouuer air baffle aromd the core tank was 
worth -0.0637^il^/k, If a linear extrapolation of this worth to a pipe 
30 5 cm in. length is made and added to the worth of the mockup in the 
D 2 O then the worth of the support pipes and the void created in the 
D 2 O IS worth -0 631 ^Ak/k. 
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The worth of alximnuiii on the core tanh wall was measured 
as -0 04lO^Ak/k per kilogram "by placing 3 36 kilograms of type 1100 
aluminum strips between the tank wall and the inner air baffle shroud 
This is about double the worth in the cylindrical geometry at edge of 
core (ref. 3, p ^5) 


mass of the 
worths were 


Using the applicable material worths above applied to the 
structural material in the assembly the following reactivity 
calculated 


^Ak/k 


A1 Core wall 

-3 

72 

Air guide shrouds 

-1 

23 

^Support columns & void 

-0 

631 

■^Fuel in transfer line 

+0 

033 

*SS bolts in core flange 

-0 

105 

SS V-band connector 

-2 

20 

A1 core flange 

-0 

344 

A1 cavity wall 

-8 

36 


Those items with an asterisk in front perturb the spherical one-dimensional 
uniformity of the system and therefore cannot be correctly (and easily) 
incorporated into a spherical reactor model The other items in the 
above list have essentially spherical symmetry and can be included in 
a calculational model 


In preparation for going to a new configuration with CH 
and CH2 in the cavity region to mock up a hydrogen propellent, a cylindri- 
cal lump of 193 gms of polyethelene (rolled sheet to form a cylinder 5 1 cm 
diameter by 15 2k cm long) was installed in the sensor well so that it 
extended from the cavity wall to the core sphere sensor well flange (0 56 
of the distance between the cavity wall and the outside of the core sphere) 
The reactivity worth was measured as -O l^tOMk/k per kilogram 

4 3 Power and Flux Distribution Measurements 


Power and fliuc distributions over the radius of the reactor 
were determined in both the sensor well and a rod guide tube by exposing 
both bare and cadmium covered catcher foils , gold foils , indium foils and 
manganese foils In addition, cadmium ratios and thermal flux were calcu- 
lated from the data taken at selected points All cadmium covered foils 
were enclosed in 0.0 51 cm (20 mil) thick buckets The method used to 
calculate the infinitely dilute cadmium ratios and thermal flux 
are given in Appendix 1 

4 3 1 Catcher Foil Data 

Catcher foil data are plotted as a fine radial power distri- 
bution relative to the power at the core center in Figure 4 3 and the cad- 
mi\3m ratio , which is the ratio of the normalized counts from bare and cad- 
mium covered foils exposed at selected radial positions, are given in 
Table if 4 Because of the short range of the fission products in the uranium 
metal foils, these cadmium ratios are essentially infinitely dilute values 
Therefore, they represent the ratio of total to epithermal fission rate 



4.3.2 


Resonance Foil Detector Data - GolcL^ Indiijm and Jfenganese 


Figure 4 4 IS a plot of radial bare gold activity distri- 
bution,, of 1.2 X 10"3 cm thick gold Bie actual response of foils 
of this thickness to thermal and epithermal neutrons can be determined 
by comparing columns 2 and 4 of Thble 45. However, for general use- 
fulness, the infinitely dilute response of total to epithermal neutrons 
is preferred, and this is given in column 6 of that table Bare and 
cadmium covered gold, indium and manganese foils were exposed at 
selected radial locations in both the sensor well and a rod guide 
tube. Bie calculated infinitely dilute cadmium ratios and the thermal 
flux data are shown in Ihbles 4 5^ 4.6 and 47. In addition the thermal 
flux determined from the gold foil activity is plotted in Figure 4 5 
All of the data are normalized to a power of one watt as determined 
from volume weighted catcher foil activity within the spherical core 
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TABLE 1 


Nuclear Model of Gas Core Experiment 


Region 

Inner 

Radius 

(cm) 

Outer 

Radius 

(cm) 

Materials 

Mass 
(kg.) 

Core 

0.0 

63.138 

UEg* 

A1 

(type 1100) 

to be determined 
0.546 

Core tank wall 

63.138 

63.773 

A1 

(type 5052) 

90 72 

"Void" between 
core & reflector 

63.773 

90.92 

A1 

(type 1100) 
A1 

(type 5052) 
SS 

(type 301) 
UFg 

29 9 
8 38 
661 

0 17^ core mass 

Cavity tank wall 

90.92 

91.555 

A1 

(type 5052) 

ITO.l 

Moderator 
Region A 
(with V-band 
connector) 

91.55 

94.095 

A1 

(type 5052) 
SS 

(type 301) 
Heavy water 

1 5 
8 6 

remainder of volume 

Moderator 
Region B 

9 k. 095 

122.035 

A1 

(type 5052) 
D2O** 

7. 71 

remainder of volume 

Moderator 
Region C 

122 035 

152.515 

A1 

Ctype 5052) 
D2O** 

5.11 

remainder of volume 

Moderator 
Region D 

152.515 

188. i4 

A1 

(type 5052) 

DgO 

5 11 

remainder of volume 


235 

Isotopic composition is 93.2^ U 

(Volume fraction of light water (HgO) was 0 0028±0 0002) 

***T, ■, J. ■L. 

Eq.uivalent spherical inside radius to match the volxtme of the outer 
tank which consists of a cylinder 152 5 cm high by 366 cm dia and 
two truncated cones, each approximately 117 cm high by 152 cm dia 
on the small end 
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TABLE k 2 
Initial Loading 
Inverse Multiplication 


Increment 

Total Fuel 
in Core (kg U) 

Channel 

CPM 

Ho. 1 
CRo/CR 

Channel 

CPM 

, Ho. 2 
GRn/CR 

Channel 

CPM 

. Ho. 3 
GEn/CR 

Average 

Rod 

Positions 

0 

0 

625 

1.000 

661 

1 000 

681 

1 000 

1 000 

In 

(CRo) 

0 

8l4 

1.000 

904 

1.000 

889 

1 000 

1 000 

Out 

1 

1 50 

11 40 

0 548 

1171 

0 565 

905 

0 752 

0 622 

In 

1 

1 50 

1561 

0 521 

1700 

0 532 

1233 

0 721 

0 591 

Out 

2 

2 17 

1430 

0 437 

i 425 

0 464 

1323 

0 515 

0 472 

In 

2 

2.17 

1979 

0 411 

2100 

0 430 

1988 

0 447 

0 429 

Out 

3 

3 05 

1847 

0.338 

i860 

0 355 

1871 

0 364 

0 352 

In 

3 

3.05 

2682 

0 304 

2820 

0 321 

2552 

0 348 

0 324 

Out 

k 

4.31 

2472 

0.253 

2481 

0 266 

2485 

0.274 

0 264 

In 

k 

4 31 

3881 

0 210 

4io6 

0 220 

3740 

0 238 

0 223 

Out 

5 

5.83 

3994 

0.156 

3988 

0.166 

3752 

0 182 

0 168 

In 

y 

5 

5.83 

7431 

0 110 

7782 

0 166 

6514 

0 136 

0 121 

Out 

6 

6 .66 

5248 

0 119 

5338 

0 124 

4746 

0 143 

0 127 

In 

6 

6.66 

11626 

0 070 

12274 

0.074 

9886 

0 090 

0.078 

Out 

7 

T.06 

6218 

0 101 

6296 

0,105 

5544 

0 123 

0 110 

In 

i 

7 

7.06 

15873 

0.051 

16794 

0 054 

13271 

0.067 

0.057 

Out 

8 

8 • 06 

10569 

0.059 

10573 

0.063 

9300 

0.073 

0 065 

In 

8 

8.06 

96096 

0 0085 

104749 

0.0086 

76467 

0 0116 

0 0096 

Out 


table k .2 

(Continued) 

Inverse Multiplication 



Total Fuel 

Channel 

. Fo. 1 

Channel 

. Fo, 2 

Channel 

. Fo 3 

Rod 

Increment 

in Core (kg U) 

CFM 

ORci / OR 

CPM 

CRr >/ CE 

CPM 

CEn/ GR Average 

Positions 

9 

8.16 

11128 

0.0562 

11190 

0 0591 

9603 

0 0710 0 0621 

In 

9 

8.l6 

139936 

0.00582 

153866 

0,00588 

110736 

0 00803 0 00658 

Out 

10 

8,iio 

13185 

0 . 04 t 4 

13166 

O.O5O2 

11316 

0.0602 0 0526 

In 



TAEtE 4.3 


Control Rod Worth Measrireinents 


Run 

number 

Actuator 

Positions 

Actuator ^ 
Position 

Reactivity Worth 
of Increment 

10 

1^2;, 3 ^ 3 ^ 6,7 out 
4 at 3813 

in(l 73 ) to 1062 

.1631 

9 

1^2, 5 ^ 6,7 out 
4 at 2000 

1063 to 2500 

.1834 

11 

1,2, 3 ; 5 , 6,7 out 
4 at 818 

2500 to 5500 

1574 

12 

1 , 2 , 3 , 5 , 6,7 out 
4 at 818 

2500 to 6513 

.1751 

13 

1 , 2 , 3 , 5 , 6,7 out 
4 at 393 

3500 to 6513 

0919 

i 4 

1 , 2 , 3 , 5 , 6, 7 out 

4 at 393 

3500 to out (9613) 

.1040 



Actuator 

Position 


29 

1 , 2 , 3 , 5 , 6 , 7 out 
8 at 5382 

in(l 34 ) to 700 

1217 

26 B* 

1 , 2 , 3 , 5 , 6, 7 out 
8 at 6259 

700 to 1500 

1352 

28 B* 

1 , 2 , 3 , 5 , 6,7 out 
8 at 4570 

1500 to 3000 

.1727 

28 C* 

1 , 2 , 3 , 5 , 6,7 out 
8 at 2032 

3000 to out (9553) 

1558 


Hiese measurements -were made wxth a different core 
CO nf igura t lou 
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TABLE k 


Catcher Ibil Cadmiism Eatio 
Configuration 


Radius 

Bare 5b il 
Counts 

Cadmium Covered 
5’oil Counts 

Cadmium 

Ratio 

Sensor Well 

20 

114828 

5789 

19 836 

40 

123464 

^616 

21 984 

60 

147648 

5806 

25 430 

90 

198404 

6308 

31 453 

110 

307806 

2530 

121 662 

130 

217384 

1660 

130 954 

150 

131335 

290 

452 879 

ITO 

52750 

154 

342 532 

Guide Tube 

no 

305803 

2323 

131 64i 

130 

232745 

395 

589 227 

150 

123726 

127 

974 220 

170 

49859 

81 

615 543 
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TABLE 4.5 
Infinitely Dilute 

Gold Foil Cadmium Ratios and Thermal FLux 
Configuration ^1 


Radius 

(cm) 

Bare Foil 
d/m/gm-watt 
X 10”5 

•wt 

(s) 

Cad Co V. Foil 
d/m/ gm-watt vt 
X 10“5 (g) 

Cadmium 

Ratio 

Thermal Flux 
n/ cm 2 -sec/-watt 

X 10 “° 

Sensor 

5 

Well 

2.728 

0356 

1.083 

.0355 

1 661 

2.554 

25 

2 871 

.0360 

1 072 

.0370 

1.713 

2 772 

45 

3 089 

0346 

1.079 

.0365 

1.791 

3 081 

T5 

3.869 

0357 

1 106 

0361 

2 077 

4.278 

105 

5 274 

0372 

0.607 

.0367 

4 301 

7.245 

125 

3.928 

0363 

0.091 

0371 

19 034 

5 951 

145 

2,258 

.0358 

0.013 

.0328 

80 859 

3.484 

185 

0.138 

0352 

0.001 

0351 

53 603 

0.213 

Guide 

97 

Tube 

5 5 098 

0363 

1 029 

0376 

2.673 

6.289 

105 

5 520 

.0365 

0.706 

0351 

3.984 

7.484 

115 

4.954 

0358 

0 284 

.0358 

8 138 

7 245 

125 

4.048 

.0366 

0.084 

.0379 

20 973 

6.147 

135 

3.092 

.0350 

0.026 

0359 

52.918 

4.756 

145 

2.336 

.0346 

0 008 

.0359 

132 875 

3 612 

155 

1.605 

.0363 

0.003 

0355 

246 444 

2.485 

165 

1.030 

0375 

0.002 

0353 

267.098 

1 595 

175 

0.507 

0358 

0.001 

.0360 

201 362 

0.785 

185 

0 105 

0346 

0001 

0363 2324 16 

0.163 
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TABLE h 6 


Infinitely Dilute 

Indium Foil Cadmium Ratios and Thermal Flux 
Configuration ^1 


Radius 

Bare Foil 
d/m/em-watt 

wt 

Cad. Cov.Foil 
d/m/ gm-wa tt wt , 

Cadmiion 

Thermal Flux 
n/cm^-sec/watt 
X 10 "° 

(cm) 

X 10 -T 

M 

X 10 “ ' 

(g) 

Ratio 

Sensor Well 

5 5 .T 33 

.00584 

2.725 

.00515 

1 808 

2.569 

60 

5 217 

.00510 

2.807 

.00584 

1.568 

1.920 

90 

8.755 

.00518 

2.522 

00740 

2.531 

4 967 

120 

8 568 

00518 

0.851 

,00519 

7.442 

6 409 

170 

0.403 

.00512 

0.003 

.00679 

77.552 

0 332 

185 

0.260 

.00649 

0 0008 

.00562 

227 497 

0.215 

Guide 

120 

Tube 

9 244 

.00515 

0.515 

00512 

13 073 

7.251 

185 

2.061 

.00516 

0.0003 

00510 

4 o 8 227 

0 171 



Jfenganese 

TABLE 4 7 
Infinitely Dilute 

Foil Cadmium Ratios and Thermal Flux 
Configuration ^1 


Radius 

Bare Foil 
d/m/ gm-watt wt . 

,Cad. Cor. Foil 
d/m/gm-uatt wt. 

Thermal Flux 
Cadmium n/cm^-sec/'watt 

(cm) 

X 10 "° 

(g) 

X 10-° 

(g) 

Ratio 

X 10"° 

Sensor Well 

5 2.022 

.0426 

1 559 

0407 

6.924 

4.208 

60 

2.654 

0415 

1 548 

048 o 

8 511 

5 611 

90 

3 652 

.0427 

1.513 

0459 

11.958 

7. 876 

120 

4 639 

.0430 

0.214 

04 i 5 

107.153 

10 400 

145 

2.590 

.0456 

0.024 

.0426 

534.093 

5.828 

170 

0.878 

.0459 

0 007 

0467 

567.595 

1.975 

Guide Tube 

97.5 ^.T 24 

.0432 

1.440 

0430 

16.422 

10 320 

170 

0.913 

.0433 

0.004 

.0424 

1075.464 

2 055 


T 
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Inverse multiplication 



Fuel mass in core - kg of U 


Fxg U.l Inverse multiplxcation for initial fuel loading of Configuration #1 


Percent rod -worth wathdra-wn 



Ratiometer reading (digits) 

Fig 1)- 2 Control system rod ■worth curves 


2h 


Relative radial power per linit fUel mass 



20 .40 60 80 100 120 l40 160 180 


Radius - cm 


Fig 4 3 Relative specific power (U-235 fission, rate) in Configuration #1 


Gold Activity d/m-gm-watt x 10"5 



Tig 4 4 Radial bare gold activity (d/m-gm-watt) 
Configuration #1 




Radius - cm 

Fig 45 Badial gold determined thermal flux 
Configuration #1 



5.0 


COlfPIGUEATIOlT ^ (Hydrogen Propellent Mockup in. Cavity Eegion) 

Configuration =jfQ. differed from Configuration ^1 in that 
1 X 10^^ atoms/cc hydrogen in the form of foamed polystyrene and poly- 
ethelene sheet was installed in the cavity region between the heating 
air shrouds and the cavity wall. G3ie polyethelene (CHp) was in the 
form of O.OSh cm thick sheet cut and evenly disbursed throughout the 
volume while the polystyrene foam ( CH) was in the form of both cut sheets 
(2.5^ cm thick) and small cubes nominally l6 4 cm3 for a total mass of 
14 23 kg of and 22 33 kg of CH 

The system k-excess before the hydrogen ’vras added to create 
Configuration jjo. was 0.634^i^/k with 12 880 kg UPg fuel loading After 
adding the CH and CH2, Upg vas added to bring the total to 19 505 kg of 
UPg. A k-excess of 0 454Mk/k was measured. 

5,1 Fuel and Coolant Mockup Reactivity Worths 

Fuel worth v/as evaluated by adding a 306 0 gram increment 
of UPg to the core raising the k-excess to 0 890^^/k, from which a fuel 
worth of 1.36^^k/k per kilogram of UPg or 2.02^Ak/k per kilogram uranium 
(93.2^ 11^35 enriched) was calculated. This compares to 2 969^/k per 
kilogram uranium for Configuration ^1. Assuming a linear worth per kilo- 
gram for fuel over the range of fuel loaded (adjusted to kg^^ = 1 for 
both configuration ^1 and yjQ, 8 46 kg U to I2.9I kg U) the hydrogen 
mockup propellent was worth -ll.O^i^/k. Bie assumption of linear worth, 
in this range of fuel densities appears to he justified based on experience 
with other cavity reactor configurations tested^ as shown graphically in 
Figure 3*3 of reference 3. 

The reactivity penalty of the coolant mockup material was 
somewhat larger than expected from calculations and from the measurement 
of a lump of CH2 on Configxoration ^1. This measurement indicated a total 
reactivity change of 3*57^^ik/k for the mockup while a measurement on the 
same lump of material in the sane position in the reactor (lump positioned 
in the sensor well between the cavity wall and the core sensor well flange) 
after installation of the mockup extrapolated to 5 50^to;/k change^ neither 
of which explained the large 11,0^ Ak change determined from the fuel worth 
measurements and the fuel increment added, A subsequent measurement was 
made with the lump in the same position but the void above the lump into 
the DgO region was plugged with 545 gms of CH^ in an effort to minimize 
neutron streaming in the sensor well^ however the result was nominally 
the same; 1 e. a calculated penalty of 5 29^!!sk/k for the coolant mockup 
However, subsequent measurements of the worth of hydrogen made on the 
stainless configuration (^3) and reported in Section 6 showed a strong 
effect of spatial dependence and/or effect of flux depression of the 
core flange on the measurement results This strong spatial dependence 
has been observed on other config-urations (Reference 1, p.251 and 252 
and Reference 3^ P. 97). In general, these previous experiments showed 
that hydrogen was worth most when adjacent to the core, least when 
against the cavity. For this experiment, all of the hydrogen (as CH and 
C5H^) was installed between the outer air-flow shroud and the cavity wall 
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and thus there was no hydrogen within approxiinately 5 cm of the TIFg core 
wall However, the amount of hydrogen, installed was equivalent to 
1 X 10^^ H/cc average over the entire region from core to cavity wall 

Further difficulties have heen encountered with hydrogen in 
attempts to calculate its worth (See Section 8) and in measured differ- 
ences in hydrogen worth in CH and CHg (Eef. 3, p 88). Molecular bind- 
ing differences between these t™ molecules could well have a significant 
effect, Tbe carbon atom contribution to the worth of CH and CHp is quite 
small, having been measured previously on a number of other configurations 
to be between 1 and 8^ of the measured worth of the organic molecule 
(Ref 1, p, 255, Ref. 3, P 88, and Ref. 5. P 38) 


5 . 2 Power and Flux Distribution Measurements 


Only catcher foils and gold foils were exposed on this 
configuration Ihe radial power distribution in the sensor well and a 
rod guide tube is shown in Figure 5*1 Data from the 1 2 x 10 " 3 cm thick 
gold foils are shown as a plot of the bare gold activity in Figure 5.2 
and a plot of the thermal flux in Figure 5 3 Catcher foil cadmium ratios 
(essentially infinitely dilute) are tabulated in Ihble 5 1 sad the infin- 
itely dilute gold cadmium ratios at selected radial positions are given 
in Table 5*2. All cadmium covered foils were exposed in 0 05 I cm(20 mil) 
thick buckets. 
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TABLE 5 1 


Catcher Boil Cadmitan Ratio 
Configiiration = jjO . 


Radius 

(cm) 

Bare Foil 
Counts 

Cadmium Covered 
Foil Counts 

Cadmium 

Ratio 

Sensor Well 

20 ' 

121029 

1548 

78 1 

40 

140206 

1557 

90 0 

60 

172999 

1639 

106 0 

90 

344540 

1845 

187 0 

110 

488949 

8l4 

601 0 

130 

362919 

214 

1690 0 

150 

190954 

434 

44o,0 

ITO 

81196 

237 

343 0 

Guide Tube 

105 

492323 

5877 

83 8 

125 

400736 

2225 

180 1 

145 

233182 

1241 

187 9 

165 

106701 

300 

355 5 

185 

11194 

42 

269 1 


30 





TABLE 5 2 
Infinitely Dilute 

Gold Foil Cadmium Ratios and Thermal Hux 
Configuration jjO. 


Infinitely 

Dilute Thermal ELux 
Cadmium n/ cm^-sec/watt 
Ratio X 10~° 


Sensor Well 


20 

2.065 

.0356 

1.039 

.0368 

1.42 

1 . 5 T 0 

ho 

2.281 

0348 

1.020 

.0376 

1 51 

1 906 

60 

2.640 

.0367 

1.092 

0351 

1.63 

2.432 

90 

4 240 

.0359 

1 032 

.0358 

2.35 

4 978 

no 

5.001 

0359 

0.387 

.0366 

6.12 

7 153 

130 

3 30T 

0361 

0.050 

0359 

29 40 

5.053 

150 

1 878 

.0364 

0 007 

.0364 

112.50 

2 902 

ITO 

0 75 ^^ 

.0370 

0.002 

0375 

163 90 

1.166 

Guide 

Tube 






105 

5.395 

.0359 

0.646 

.0348 

4.23 

7.379 

125 

3.908 

.0363 

0.087 

.0344 

20 29 

5.930 

1^5 

2.224 

.0354 

0.007 

0361 

131.50 

3 438 

165 

0 988 

.0363 

0.002 

.0369 

218.90 

1 530 

185 

0.108 

0356 

0.001 

.0364 

45.50 

0.166 


Bare Foil 
d/m/gm-watt wt~ 
X 10~^ (g) 
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Relative radial power per unxt fuel mass 



5 1 Relative Specific Rover (U-235 fission rate) Configuration 



Gold Activity d/m-gm-watt x 10' 



Radius - cm 


Fig 5 2 Radial 'bare gold activity (d/m-gci-watt ) Configuration §2 


Keutrons/cm^-sec-watt x 10“ 




6.0 COSJI’IGURAO^OIT #3 (Stainless Steel Cavity Liner) 

ICransfoiTnation from Configioration =§0. (hydrogen) to Config- 
uration #3 (hydrogen plus stainless steel) "v/as accomplished hy installing 
62,2 kilograms of type 321 stainless steel sheet to the cavity -wall to 
give a nominal SS thickness of 0,0762 cm ( 30 mils)^ equivalent to 0.019 
mean free absorption paths, The steel, cut to shape from 0.0254 cm 
thick (10 mil) stock, was installed between the CEg - CH hydrogen propel- 
lent mockup and the outer wall of the cavity 

■Hie system k-excess just prior to changing to Configuration 
#3 was 0,200 /a:^/k with a fuel loading of 19 811 kg UF^ (13 34 o kg U) 

After adding 23 843 kg of UFg to pay the stainless steel penalty 
( 43.655 kg UF^ or 29 395 kg TJ total in the reactor) the reactor was 
critical with 0 0654^;!!i/k k-excess Ihe critical loading corrected for 
fuel in the transfer line and the k-excess is 43.626 kg UEV or 29 376 
leg U 

6.1 Reactivity and Material Worth Measurements 

Fuel worth was evaluated by adding a 429*7 gram increment 
of UF(^ to the core which resulted in a worth of 0 per kg TIBV or 

0 437 ^Ak/k per kg U -235 This value compares to 2 02^1k/k per kg uranium 
for Configuration jjO. with a 13 17 kg U loading and 2 96^;lk/k per kg 
UFg for Configuration jjO. with a 8 54 kg U loading Using these 
three fuel worth values, at their respective core loading, and with the 
aid of Figure 3.3 Reference 3^ a fuel worth vs core loading curve. Fig 6 1, 
was constructed and the area under the curve between the appropriate 
limits was integrated to yield a stainless steel worth of -15 3^dk/k 

Direct measurement of stainless steel worth was made by 
placing narrow strips of O. 09 I cm thick (36 mil) stock against the out- 
side of the cavity wall (on the DgO side). After the stainless steel 
was installed, a 234 gram sample was measured as a period difference of 
- 0 . 02855 ^/k or - 0 . 1225 to/k per kg which would extrapolate to -7 6^^k 
for the entire 62,2 kilogram stainless steel liner A subsequent measure- 
ment with a larger 9H gram sample gave a value of -0,l6l^te/k per kg 
which extrapolates to -10 0^!^ worth for the liner !Ihese values can be 
compared to -0.255^1h/k per kg measured on Configuration jj=L which extrapo- 
lates to -I 5 8?^Ak/k for the 67 2 kg liner and is in very good agreement 
with that value deduced from the fuel worth measurements cited above 
The steel worth should decrease as the loading becomes heavier, and this 
was observed. However, the average measured worth is still about 15^ 
less than that deduced from the fuel loading differences. The latter 
method involved interpolation between three fuel worth points, and con- 
ceivahly could be in error by this amount 

The hydrogen worth between the core and reflector was care- 
fully remeasured The previous results of the reactivity coefficient 
showed considerable variance (factor of two) from the gross result of the 
loading change required when 10^^ atoms/cc of hydrogen were added to the 
cavity (See Section 51) A small 3-inch long sample of CH 2 weighing 
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101 gffi. was measured near the middle of the annular cavity void within 
the sensor well The sample in this case was three inches from the core 
top flange and was essentially not influenced by its flux depressing 
properties The measured worth of polyethylene -was -0 60^Ak/kg, 2 to 4 
times the previous results (Section 2 and 5 l) This latter result, 
however, extrapolates to a total hydrogen penalty of 15^, compared to the 
11^ observed between the first two configurations Since the worth varies 
with fuel loading and other configiuration properties, these later results 
imply consistency, and indicate that the earlier reactivity coefficient 
results were adversely affected by the presence of the top core flange 
Note, the carbon worth, less than 10^ of the hydrogen worth in CH 2 , has 
been ignored 

6 2 Power and Flux Distribution Measurements 


Power and flux distributions over the radius of the reactor 
were determined in both the sensor well and a rod guide tube by exposing 
both bare and cadmium covered catcher foils, gold foils, indium foils 
and manganese foils In addition, cadmitm ratios and thermal fliix were 
calculated from the data taken at selected points All cadmium covered 
foils were enclosed in 0 05 I cm (20 mil) thick buckets The method 
used to calculate the infinitely dilute cadmium ratios and thermal 
flux are given in Appendix 1 

6.2 1 Catcher Foil Data 

Catcher foil data are plotted as a fine radial power distri- 
bution relative to the power at the core center in Figure 6 2 and the 
cadmium ratio^ which is the ratio of the normalized counts from hare 
and cadmium covered foils exposed at selected radial positions, are 
given in Thble 6 1 Because of the short range of the fission products 
in the uranium metal foils, these cadmium ratios are essentially infinitely 
dilute values Therefore they represent the ratio of total to epithermal 
fission rate 

622 Resonance Foil Detector Data - Gold, Indium and Jfenganese 

Figure 6 3 IS a plot of radial bare gold activity distri- 
bution, of 1 2 X 10“3 cm thick gold The actual response of foils 
of this thickness to thermal and epithermal neutrons can be determined 
by comparing columns 2 and 4 of Table 6 2 However, for general use- 
fulness, the infinitely dilute response of total to epithermal neutrons 
IS preferred, and this is given in column 6 of that table Bare and 
cadmium covered gold, indium and manganese foils were exposed at 
selected radial locations in both the sensor well and a rod guide 
tube The calculated infinitely dilute cadmium ratios and the thermal 
flux data are shown in Thbles 6 2, 6 3, and 64 In addition the thermal 
flux determined from the gold foil activity is plotted in Figure 6 4 
All of the data are normalized to a power of one watt as determined 
from volume weighted catcher foil activity within the spherical core 
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A final power run af 5^0 watts and two hour duration was 
made with special foil packets located at three locations in the sensor 
well for additional neutron spectrum determination Ihe positions were 
core center and 6l cm and 105 cm from core center. In each location 

55Mn(n,Y)^®Mh, , 56pe(n,p) 

6‘^Zn(n,p)®‘*Cu, 24Mg(n,p)2‘tMa, and ^’7Al(n,a)^‘^Na were used. 


A multiple foil actiwation technigue (ref 18 ) employing the 
SPECTRA (ref 19) code was used to determine the neutron spectrum from 
the reaction products The thermal flux results (equivalent 2200 m/sec 
flux) are shown in Fig. 6 4, in which the multiple foil results using 
CUj I, and Mn are compared with the standard gold foil results The 
spectrum at several different locations, from Mev” energies to thermal, 
are shown in Figure 6 as relative flux per unit energy Section 8 
describes a comparison of these results with the spectrum calculated 
with a 19 -energy group transport code 
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OIABIiE 6 1 

Catcher R)il Cadamim Ratio 


Configxiration ^3 


Radius 

(cm) 

Bare Roil 
Counts 

Sensor Well 

20 

56371 ' 

40 

76736 

60 

143159 

90 

403425 

110 

641731 

130 

462736 

150 

251824 

170 

107514 

185 

16314 

Quide Tube 

no 

685136 

130 

516206 

150 

229437 

170 

105577 

185 

15493 


Cadmium. Covered Cadmium 

Roil Counts Ratio 


20802 2 TIO 

22197 3 ^57 

24025 5.959 

29319 13 760 

12599 50 935 

3836 120 630 

1455 173.075 

659 163.147 

244 66 861 

12400 55 253 

4405 117 186 

2240 102 424 

1649 64 025 

in 139 576 
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TABLE 6 2 


Infinitely Dilute 

Gold Foil Cadmium Ratios and Thermal Flux 
Configuration ^3 


Bare Foil 

Radius d/m/gm-watt ¥t. 
(cm) X 10”5 (g) 

Cad. Cot. Foil 
d/m/gffi-watt >rfc. 

X 10-^ (g) 

Cadmium 

Ratio 

Therml Flux 
n/ cm^-sec/uatt 
X 10-6 

Sensor Well 

5 

1.066 

.0385 

8.038 

.0350 

1 16 

0.454 

25 

1 147 

.0308 

8.2 t 4 

.0363 

l.l4 

0 409 

k5 

1.332 

.0363 

8.399 

.0367 

1.25 

0.758 

75 

2.538 

.0375 

9.905 

.0351 

1.69 

2 440 

90 

3.179 

.0356 

9.509 

.0365 

2.00 

3.440 

105 

4.250 

.0346 

5.087 

.0363 

4.16 

5 790 

125 

3.131 

.0358 

0 743 

0372 

18.50 

4 740 

145 

1.817 

.0368 

0.090 

.0356 

84.40 

2.800 

175 

0.425 

.0355 

0.005 

0351 

412 00 

0.659 

Guide Tube 

97.5 

4.020 

.0363 

9.006 

.0363 

2 49 

4.840 

115 

3.971 

.0363 

2.352 

.0363 

7.84 

5.790 

135 

2.536 

.0364 

0.215 

0360 

51.40 

3.900 

155 

1.340 

0371 

0.013 

0362 

459 00 

2.080 

175 

0 421 

.0376 

0.005 

.0369 

392 00 

0 652 
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TABLE 6 3 


Infinitely Dilute 

Indium Foil Cadmium Ratios and Thermal ELuic 
Configuration ^3 


Bare Foil 
Radius d/m/gm-watt 
(cm) X lO”"^ 

Cad. Cov [ 
•wt d/m/gm-'VTatt 

(g) X lO"'^ 

Foil 

■wt. 

(g) 

Cadml^lm 

Ratio 

Thermal Flux 
n/ cm -sec/watt 

X 10“° 

Sensor Well 

5 

3.204 

.00584 

2,368 

.00649 

1 22 

0 638 

35 

3.665 

00518 

1.061 

00516 

2.75 

2 160 

60 

4 t 46 

.00512 

2.635 

.00515 

1.56 

1 .T 30 

90 

T.T38 

.00740 

2.651 

.00515 

2.43 

4.430 

105 

9.060 

.00584 

1.426 

.00740 

4 . 4 l 

6 260 

120 

T.596 

.00518 

0.424 

.00518 

13.00 

5 960 

14-5 

3.923 

00512 

0.137 

00679 

19.20 

3 . 14 o 

ITO 

1.166 

.00740 

0.003 

00519 

248 00 

0 966 

185 

0.239 

.00510 

0.0006 

.00679 

283.00 

0.198 

Guide [Kibe 

135 

2.399 

.00510 

0.007 

00562 

52 60 

4 420 

155 

2,483 

00649 

0.0007 

,00516 

261 00 

2,060 
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TABIil 6 k 


Infinitely Dilute 

Jfenganese Foil tedmium Ratios and Iliermal Flux 

Configuration =§=3 


Bare Foil 

Radius d/m/gm-watt wt 
(cm) X 10"^ (g) 

Sensor Well 


C^d. Cov.Foil 
d/m/gm-Tsatt vt 

•V T n-4 


Cadmium 

Ratio 


Ihezmial Flux 
n/ cm^-sec/-tratt 
X 10 “° 


5 

1^.368 

.0433 

12 720 

.0460 

2.15 

0.692 

35 

5.648 

.0437 

13.180 

0420 

2.62 

0.980 

60 

5.262 

.0432 

13.410 

.0410 

2.46 

0 889 

90 

28.770 

o 415 

13-580 

.0460 

10.60 

6 160 

105 

44.950 

.0427 

33.760 

0433 

6.96 

9.360 

120 

39-580 

,0426 

1.845 

o 48 o 

101.00 

8.870 

lit -5 

21.920 

.0415 

0.116 

0440 

909 00 

4.930 

170 

7 613 

.0430 

0.049 

.0438 

743 00 

1 710 

175 

4.972 

.0430 

0.020 

.0423 

1237 00 

1 120 

185 

1.168 

.0459 

0.037 

0430 

152.00 

0.212 

Guide Tube 







97.5 

9-740 

.0424 

12.420 

.0468 

8 00 

4 160 

120 

41.920 

.0480 

0.826 

.0438 

245 00 

9 420 

135 

1.465 

.0434 

0.326 

.0423 

22.40 

0.323 

155 

15-950 

.0456 

0.035 

.0467 

2160 00 

3.590 

170 

3.540 

.0439 

0.051 

0459 

328 00 

0.796 




Core Loading - Kg Uraniimi 


Uranium worth - ^Ak/k per Kg 



Fig 6 1 Fuel Worth vs Core Loading 


Relative radial power per unit fuel mass 



Fig 6 2 Relative specific pother (U-235 fission rate) Configuration #3 












Gold Activity d/m-gm-vatt 



Radius - cm 


Fig 6 3 Radial liare gold activity (d/m/gm-watt ) Configuration #3 



Ueutrons/cm^-sec-'watt x 10" 







n /c^ - MeV 



Fig 6 5 Neutron spectrum determned from multiple foils activation 


k6 





CONTOOL SYSIEMB EVALmTIOlIS 


T.O 


The gas core -will require substantial reactivity control to 
compensate for fluctuations in the reactivity created by shifts in the 
boundary between the hydrogen and uranium. Waves of the order of 2 $ to 
might occur (Ref, 4). Therefore, an experimental study of a number 
of control systems was performed on Configuration ^3- 

7.1 Designs 


The heavy water (D 2 (^ reflector of the gas core (cavity) 
reactor offers an ideal location for control devices. Ihe commercial 
grade of D^O has a mean free absorption path length for thermal neutrons 
of about 12,000 cm Thus poison, even if placed only as discrete chunks 
in the reflector will substantially increase the absorption Also, the 
average thermal flux in the reflector is 3 times what it is in the 
core, making absorption cross section added to the reflector particularly 
effective as a control method. 

Several methods of moving poison control devices within the 
reflector can he envisioned. Four such devices measured with this reactor 
are shown schematically in Figure T 1 The control rod method was utilized 
as the principal control device for operation of the critical The con- 
trol drum method has been used in some other reactor designs having cylin- 
drical reactor boundaries. Control drums appear somewhat awkward when 
inserted in a spherical reflector, but nevertheless short drums can be 
fit into the system The cap ("skull cap") and sleeve are schemes gen- 
erally peculiar just to this type of reactor They can very conveniently 
be designed into a spherical reflector. The dimensions of these control 
devices are shown in the sketches (Figure 7 l). Cadmium was the absorber 
material for all except the control rods, which contained boron carbide 

7 2 Measurement Method 


Since all of the control devices considered must provide 
large amounts of reactivity control, evaluation of their worth requires 
techniques that can measure values of 2 to 20 dollars of reactivity 
Operationally (and perhaps analytically) the prompt neutron decay via 
the pulsed neutron method is the most direct evaluation technique 
Reference 12, for instance, is a relatively thorough article reviewing 
some of the now standard techniques, and it discusses their limitations 
and uncertainties. The reader is referred to this article and the sub- 
sequent article in the same issue for general background information 


In the case of the gas core cavity reactor, only the so- 
called Simmons -King (ref. 13) method of direct evaluation of reactivity 
from the decay rate of the pulse is generally applicable The area-ratio 
methods of SjOstrand, Gozani, and Garelis and Russell can only be used for 
evaluating highly subcritical conditions of 5 dollars or more This is 
because at lower levels of subcriticality the prompt neutron decay rate is of 
the same order of magnitude as that of the fastest delayed neutron group 
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(l/S second mean lifetime or ?\ = 3 sec”^) Hence^ only for total control 
system 'worth -was an area-ratio method attempted Howe'vier, the time- 
bndget limitations on the experiment generally left much to be desired 
in the accuracy and usefulness of this data 

Ihe system was pulsed through a thimble-type tube extending 
into the reflector. The neutron producing target -was approximately 2 cm 
from the cavity wall The neutron decay -was monitored with a small boron 
coated chamber inserted into an empty control rod guide tube until it 
nearly touched the cavity 'VTall. Pulse widths were approximately one 
millisecond or lesS;, repetition rates between 0 5 and 3 pulses per sec- 
ond, depending on the speed of the decay Thus, even for the fastest 
repetition rate used the delayed neutron backgro'und was not constant 
(though the small correction for the fastest delayed groups could be 
made with little overall uncer'tainty fro the 3 pulse/second rate) All 
decay data was monitored with a 256 channel tome analyzer A typical 
plot IS shown in Figure T 2. The piiLse ’'buildup" extends for a modal 
contamination, which is not unexpected -unless the detector and source 
could both be placed near the reactor center 

J 3 Results of Pulsed Neutron Data 


Because of the overlap of the faster delayed neutron decay 
rates with that of the prompt decay, the Simmons-King (ref 13) (or a-method) 
"was the principal method used for converting (X to reactivity All of 
the data -ms analyzed by least squares fitting to a single exponential 
plus background, ^=RAe*^^ + B, three parameters. Double exponential fits 
yielded nothing significant other than a long decay component approxi- 
mately equal to the average delayed neutron decay constant The results 
of the -various measurements are shown in Table 7 1 To apply the Simmons- 
King a-method, one must know the prompt neutron lifetime. Unfortunately, 

■che lifetime -varies with the amount of control inserted into the reactor 
The l/v-lifetune -was calculated, using a 19-group diffusion code, to 
be 2.4 milliseconds without control in the reflector With all the con- 
trol rods inserted (3-5^ suberitical), the calculated lifetime was 2 l4 
milliseconds However, the measurements at or near critical vs those 
with the control rods inserted showed the reverse (and unexplainable) 
trend, 2 52 milliseconds near critical but 2 9 milliseconds with control 
rods in A thorough experimental investigation of this anomaly was 
precluded by programmatic obligations It is assumed that the location 
of the chamber, s-urro-unded by control rods, involved long-lived higher 
order harmonics These then influenced the apparent decay, giving a 
different result from the fundamen-bal mode, uniformly poisoned reflector, 
whuch the calculation simulated for the control system -worth 
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The results for the worths of the four main control systems 


measxired were deduced from the calculated and measured lifetimes, and 


appropriately averaged 


Total Worth ^Ak/k 


Worth ^Ak/k 
citr 


23 Control Rods^ 
1 Control Drum 
1 Cap 
1 Sleeve 


(3 8 ± 0 4 ) 
(2 0 ± 0 3) 
(3 9 ± 0 5) 
(17 ± 0) 


1 X 10“^ 

1 58 X 10-3 

96 X 10-^ 


(Note One dollar = 0 T88^Ak) 

Figure 7 3 shows the worth shape curves of these four control methods 


All of these control methods provide large control margins, 
if one considers using a number of drums or caps (such as six) The 
worths of SIX will not he six times the worth of one But the effect 
of interactions of the control elements is not sufficient to alter the 
conclusion that large amounts (order of lO^Ak and above) can be achieved 
by reflector control schemes, despite the uncertainties in the experi- 
mental results 


*This value is that from the inverse kinetics analysis, and is about 
12^ lower than the incremental summed rod worths It does, however, 
give the best consistency with the overall pulsed neutron results 
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TABLE T.l 


Decay Constants for Control Systems 


Configm'ation Measirred 

Control Rods 

0.55^ s-ubcritical* 
3.54^ subcritical* 

Single Dmm 


Q; in l/milliseconds 


0 0054 ± 0 0006 
0 0149 ± 0.0002 


Position of Poison 

0“ (to-ward core) 

45° 

90° 

135° 

180° (pointing outward) 


0.01095 ± 0.00004 

0,0062 ± 0.0001 
0 0043 ± 0.0001 
0 0032 ± 0.0001 
0.0034 + 0 0003 


Cap 


Cm from Cavity Wall 


2.5 

12.5 

30.5 
61 


0.0163 ± 0 0001 
0.0125 ± 0.0002 

O.00T5 ± 0 0002 

0 0046 ± 0.0003 


Sleeve 


Cm that Center is above Midplane 


18 

0 07 T 

± 0.001 

30 

0 . 07 T 

± 0.001 

45 

0 0575 

± 0.0004 

T 6 

0 0289 

± 0 0004 


4(hown from previous control rod calibrations using inverse kinetics 
and bump period 
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Analyzer C3iannel Efo 


Figure 7 


2 Hypical Detector Response Plot 
(All Control Rods In) 
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MALYTICAL CALCULATIONS 


8 0 


Eeactor physics calciilations were performed, on the three 
basic configurations using multi -energy-group computer codes Because 
of the spherical symmetry of the configuration, all calculations were 
carried out in one-dimensional spherical geometry A diffusion theory 
code using 19 energy groups with only one Maxwell-Bolt zmann thermal group 
was used for routine operational predictions For calculating absolute 
values of k-effective this code gives a bias factor of about 3^ However, 
for predicting k-excess differences for minor changes in a configuration, 
the code is a useful reactor operational tool 

The principal calculations to predict the initial fuel load- 
ings for each conflg^aratlon were performed with a S^-transport theory code, 
SCAMP (ref l4) The analyses were all done in angular detail Refer- 
ence 6 discusses the sensitivity of gas-core reactor calculations to the 
space energy and angle parameters The spatial detail with one dimensional 
calculations could use a much finer mesh than was used in the two dimensional 
calculations reported in Reference 6 In this spherical geometry, 62 mesh 
points were usually employed For energy group structure, 12 fast and 
slowing down groups and T thermal groups with up scatter were employed, 
for a total of 19 energy groups The energy group structure is given in 
Table 8 1 The fast cross section were obtained from a 99-group GAM-II 
tape modified for use with the PHEOG (ref 15) (Phillips -Hanford Revision 
Of gam) code The thermal cross sections were obtained from the code 
incite (ref l6), similar to GATHER The cross sections obtained from 
the Idaho codes were compared to those obtained from GAM-GATHER codes at 
the Lewis Research Center, and appropriate corrections were made to obtain 
the ostensibly most satisfactory set possible from the two sets of codes 

With the detail specified above in angle, space, and energy, 
typically 120 to 150 outer iterations had to be run before k-effective 
was converged to within 0 0001 and the pointwise fluxes to within 0 0002 
The initial calculations were done with the support column aluminum and 
void homogenized throughout the D 2 O reflector The predicted critical 
mass for the first configuration was 8 4 kg The actual measured mass 
turned out to be 8 434 kg after applying the various corrections for the 
support column Strangely, the calculated fuel worth was low by 50^ 
compared to the measured value of 2 96^Ak/kg U Despite the good success 
on the critical loading prediction, success was not as good on the other 
two basic configurations Initial calculations on these, grossly under- 
predicted the critical loading Calculated k-effectives were high by 
as much as 10^ One cause of this serious discrepancy was an incorrect 
scattering kernel for polyethylene in the low energy thermal groups 
When the water kernel was used for hydrogen, the bias on k-effective 
was reduced to about 3^Ak for these last two configurations Most of 
this bias IS attributed to the hydrogen in the form of CH and CH 2 The 
absoirption cross sections are probably correct, but the scattering is 
suspected as being the major calculational problem The change from 
Configuration 2 to Configuration 3, which was the addition of 0 075 cm 
of stainless steel to the cavity was calculated to within 0 The 

total worth of the change was experimentally determined to be -15 3^Ak/k 
Table 8 2 is a summary of the calculated eigenvalues for the three 
configurations measured in this experiment 
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There appear to be no other major problems with the analytical 
calculations except that with hydrogen worth and fuel worth The calcu- 
lated spectra were equivalent to the measured spectra, within the accuracy 
of the measurements (See Section 9 O) The inability to accurately pre- 
dict fuel worth has been a general problem in previous work (ref 6) and 
the reason for the discrepancy is not understood This problem does lead 
to some concern for the ability to predict criticality accurately with 
other fuels (Pu-239or U-233) However, the hydrogen discrepancy is far 
too severe, and deserves more immediate attention The sensitivity of 
the calculation to the hydrogen scattering kernels needs to be evaluated, 
and then the correct kernels for the hydrogen in the experiment must be 
developed Ironically, the operation of a gas core at high temperatures 
involves major changes in the hydrogen scattering properties and the 
absorption of uranium fuel Since neither of these materials are ostensibly 
being handled correctly at present at ''room" temperatures, the high temp- 
erature calculations are considerably in doubt Some of the high temper- 
ature hydrogen effects are covered in Reference 17 
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TABLE 8 1 


Cross 

Sections 19-Energy Group Format 

Group 

Lower 

Lethargy 


Lower 

Energy 

(Mev) 

1 

1.0 

3 

7 

X 

10° 

2 

1 5 

2 

2 

X 

10° 

3 

2 0 

1 

4 

X 

10° 

k 

3 0 

5 

0 

X 

10 1 

5 

U 0 

1 

8 

X 

10 1 

6 

5 0 

6 

7 

X 

10 ^ 

7 

6 0 

2 

5 

X 

10 "^ 

8 

8 0 

3 

4 

X 

10 3 

9 

10 0 

k 

5 

X 

10“‘* 

10 

12 0 

6 

1 

X 

10 ^ 

11 

i4 0 

8 

3 

X 

10 “° 

12 

15 25 

2 

4 

X 

10 ° 

13 

17 0 

u 

1 

X 

10"^ 

Ik 

17 7 

2 

0 

X 

10 ^ 

15 

18 2k 

1. 

,2 

X 

10 " 7 

l6 

i 8 65 

8. 

0 

X 

10 “° 

17 

19 80 

2 

5 

X 

lO”® 

18 

21 4l 

5 

0 

X 

10 3 

19 

— 

0 

0 




TABLE 8 2 


Calculated Eigenvalues for Three Configurations 


Huclear Model of 
Table 4 1 


Fuel (kg U) 


Calculated k 


Configuration #1 
Configuration #2 
Configuration #3 


10 0 1 058 ^ 

13 3 1 180 

29 2 1 175 


* 

The 10 kg U loading was the smallest loading calculated A 
correction was made, using a fuel worth value based on measure- 
ments in previous cylindrical geometry experiments (Ref 3) of 
0 32^Ak/kg U, which yield the predicted critical mass of 8 kg U 
This prediction allows for the 0 70^Ak net penalty of the support 
columns and fuel line, which are non— spherical perturbations (see p l4) 
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DISCUSSIOU OF EXPERIMENT MD RESULTS 


9 0 


This experiment represents the second all gas core reactor 
critical experiment It is the first simple^ clean, spherical geometry 
experiment of its type and hence should be quite useful as a bench- 
mark exueriment The first all -gas-core experiment was operated in 

1967 (reT 2 ) without incident. In the spherical experiment just completed, 
one minor leak incident occurred when a UFg valve diaphragm ruptured 
during a heat-up operation A few grams (less than 10 ) of UFg were 
lost from the system, insufficient to noticeably alter the apparent 
critical mass results Otherwise, the operation of the experiment was 
without incident 

The approach to criticality as the reactor was heated and 
the converse cooldown provided some interesting effects Selective 
evaporation and cooldown were observed, as shown in Fig 9 1. this 
figure, the indicated "average" core temperatures are merely the 
average of four thermocouples placed at the top, middle and bottom of 
the outside wall and at the center (through the flux monitor tube) 

As the core is being heated from a shutdown condition, the fuel is 
most likely being evaporated from a large solid and/or liquid pool 
at the bottom of the sphere (depending on the pressure) As the core 
cools, selective condensation occurs on the cool spots of the wall first, 
then on the entire wall as the wall temperature equalizes. As the 
layer on the wall thickens, it eventually drops off or runs off to 
the bottom of the sphere There is probably an optimum thin thick- 
ness of condensed fuel on the wall that gives a peak in reactivity, but a 
very large was not observed in this experiment as had been 

observed in the first UTg gas core experiment (ref 2) 

The ostensible temperature-reactivity coefficient shown 
in Figure 9 1 is caused by evaporation or condensation of the last 
or initial, respectively, amounts of fuel, and is therefore not a 
true temperatxire coefficient, such as due to sphere expansion This 
latter coefficient was, for all practical purposes quite small and 
essentially unmeasurable (less than 0 001^k/°C) 

Multiple foil packets for obtaining neutron spectral data 
were exposed for two hours during a reactor run at 500 watts power 
During this run it was possible to maintain the UPg gas core at a 
sufficient temperature from nuclear heating to keep the core above the 
UFg vaporization temperature and the external electrical heat source 
normally used could be shut down. This is the first time that a gas 
core reactor has been operated at a power level sufficient to supply its 
own heat for maintaining the core in the vapor state. Operation in this 
mode was possible for only short periods of a few minutes duration 
This was not because of any problem with heat removal from the core, but 
was due to the necessity of keeping the inlet fuel line hot to prevent 
fuel migration to the cooled line which is normally heated by the air 
circulated from the external heaters to the core heating plenum 
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A stiraraary of critical masses and fuel -worths is given in 
Ihhle 9«1 deduced penalties of hydrogen and stainless were 

11 0^^ and 15 3^^ respectively^ and these -values probably will be 
generally applicable to any snnilar configuration regardless of the 
base fuel density Figure 9 2 is a comparison of fuel worth results 
in this configuration vs that in the previous cylindrical configuration 
(Ref 1 through 5) As can be seen^ the curve shapes are quite 
similar, indicating a rather general applicability of these results 
to any nominally similar reactor configuration The penalty one must 
pay in fuel loading to overcome a negative reactivity effect (such 
as increased hydrogen or VTall thiclmess) becomes quite severe as the 
loading density increases 

Fine radial power profiles were obtained, with catcher 
foils, on each of the three configurations tested Figure 9 3 shows 
the relative radial power distribution in the sensor well for all 
three configurations plotted on the same scale for easy comparison 
This data has been normalised to a relative power of one at the center 
of the core Likewise, the thermal flux calculated from thin bare 
and cadmium covered gold foils exposed in the sensor well, and from 
which infinitely dilute cadmium ratios were calculated, are plotted 
on the same scale for each of the configurations, in Figure 94 Ro 
unexpected surprises or anomalies were encountered in the detail of these 
power and flux maps 

The neutron energy spectra as measured using a multiplicity 
of resonance and threshold detectors (See 622) are compared in Figures 
95 , 96 , and 9 T with the calculated spectra from the 19-energy group 
transport calculations It should he re-iterated that the calculated 
result had about a 3% positive bias in k-effective due ostensibly to 
the incorrectness of the hydrogen scattering kernel However, the energy 
spectra should only be affected within or very near to this very dilute 
hydrogen region by the scattering kernel used Comparison of these 
three figures shows that the slowing do-wn flux is not flat in lethargy 
and differs in slope in various parts of the reactor Thus the flux 
is generally not asymptotic, and this condition stresses the need for 
the relatively fine energy group detail needed within the slowing down 
region The same comments can be applied to the thermal region even 
though such detail is not apparent in the figures 

The worth of polyethylene in the void has been measured Oxi 
a n-umber of configurations , both in cylindrical and spherical geometries 
Results have varied from 0 IT^Ak/kg to 0 6 ^Ak/kg of CH 2 On some config- 
ui at 10 ns there was a strong worth dependence on radial position, with the 
higher worth being nearest the core The reverse appears to be true on 
this latest configtiration, though the perturbing influence of the steel 
bolts on the upper core flange may have significantly influenced the 
measured resilLts Furthermore, the trend on the previous cylindrical con- 
figurations was for lower specific polyethylene worth as the core fuel 
loading increased Again, on this recent spherical configuration, the 
reverse appears to be the case, though the conclusion must be labeled 
questionable because of the presence of the steel bolts The overall 
penalty of the 1x10^^ H/cc in the form of both polyethylene and 
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TABLE 9 1 


Suinmary of Crxtical IVfesses and Fuel Worth 
for Three ConfigTirations 


Configuration 


Critical Core Loading 
(adjusted for K-excess 
and inlet line -worth) 


Fuel Worth 
per kg 

93 enriched U -235 


#1 

Clean Spherical 
Geometry 


8 h3 


2 96 


1 X 10^^ atoms/cc 
hydrogen added to 
cavity as CH & CH^ 


12 9 


2 02 


#3 

0 0762 cm of stain- 
less steel added to 

outer cavity uall 29 2 0 437 


polystyrene was 11 O^Ak, which reduces to an equivalent polyetbyleae 
worth of 0 42^Ak/kg assuming only the hydrogen contributes This 
further assumes equivalence of hydrogen worth in the CH and CH 2 molecules , 
a fact found to be true in one configuration (Pef 5> P 38) but not in 
another (Ref 3, p 88) Hence, the worth of hydrogen in the void has 
given varied results, with ostensibly no uniform trend pertaining to 
other reactor parameters The calculations of its effect have likewise 
not met with uniform success, particularly on calculating the penalty 
in fuel loading between Configurations 1 to 2 of this spherical experi- 
ment Hydrogen thus seems to present the major difficulty for this 
benchmark experiment, and this likely will also apply to operating 
cavity reactor calculations where high hydrogen temperatures will 
further complicate the problem 
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excess (^flk/k) 






-Figure 9*2 Cojnparison of Fuel Worth vs Fuel Loading for 

Two Configurations 


6l 



Relati/e radial power per unit fuel mass 



Fig 9 3 Comparison of relative radial fission rate for 
three Spherical Cavity Reactor Configurations 


lireutrons/cmS-sec-watt x 10-6 



Eadius - cm 

Figure 9 i(- Thermal neutron flux determined from hare and cadmium covered gold foils in the 

sensor 17611 for three configurations 


Relative F1\1X per Unit Lethargy 



ILJ Calculated - Transport Theory 

Calculated - Multiple Foil Activation 


Neutron Energy - Mev 


Fig 9 5 Comparison of neutron spectra calculated from multiple foil exposure and calculated with 
19 energy group, transport theory (SCAMP code) at a radial distance of 0 0 cm 



Relative Flux per Unit Lethargy 


m Calculated - Sj^ Transport Theory 
Calculated •- Multiple Foil Activation 


Neutron Energy - Mev 


Fig 9 6 Comparison of neutron spectra calculated from multiple foil exposure and calculated with 
19 energy group, transport theory (SCAMP code) at a radial distance of 6l 0 cm 





Relative Flux per Unit Lethargy 



Neutron Energy - Mev 

Fig 9 7 Comparison of neutron spectra calculated from multiple foil exposure and calculated with 
19 energy group » transport theory (SCAMP code) at a radial distance of IO 5 0 cm 




10 0 


CONCLUSIOUS MD EECOMMEMDATIONS 


1 The spherical symmetry with non-spherical pertiirbations 
being worth less than l$Ak makes this an ideal benchmark 
experiment for comparison with one dimensional spherical 
calculations 

2 The penalty for hydrogen and neutron absorbing cavity walls 
IS just as severe as in previous experiments, despite the 
relatively clean reflector in these latter configurations 
Hydrogen with a density of 1 x lO^Vcc in the "void" raised 
the critical mass from 8 43 to 12 9 kg Then 0 0j6 cm 
extra thickness of stainless steel on the cavity wall 

(O 019 mean free absorption paths) raised the critical 
mass to 29 2 kg 

3 Calculational difficulties exist with hydrogen (appears as 

a major effect on k-effective) and with the fuel (fuel worth 
incorrectly predicted) Since the temperature of these 
materials will change drastically between this cold experi- 
ment and operating gas-core reactor conditions, these two 
materials represent major reactor physics problems 

4 Control methods and control adequacy for system reactivity 
does not appear to be a problem Very large amounts of 
reactivity can be controlled with several different schemes 

5 As a result of these experiments , it appears that the next 
appropriate developmental step, that of a flowing gas 
critical e:^eriment can be undertaken safely with respect 
to criticality control 
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APPENDIX A 


OalcTolatxon of Infinitely Dilute Cadmium Patios from 
Resonance Foil Activities 

The following procedure was used to correct bare and 
cadmium covered resonance foil activities for self shielding and give 
cadmium ratios and thermal flux based on infinitely dilute foils < A 
single level resonance formula was employed as follows 


A = Bf 


leff 


where 


leff 


's7PV 


^S/4nv+0Q(ry/ r ) 


In terms of the foil radius and weight this reduces to 


A = 


B__ 


7rE^p+2NWo'Q ( fy/ T ) 


where 

A = Infinitely dilute cadmium covered foil activity per gram 
B = Uncorrected cadmium covered foil activity in activity per gram 
Poll radius in cm 
p = Foil density in grams/cm^ 

U = Humber of absorbing atoms /cm^ 

W = Cadmium covered foil weight 
0Q= Theoretical peak cross section of resonance 
Ty= Gamma width 
r = Total width (fy+rn) 

!«,= Infinitely dilute resonance integral 
Ieff= Effective resonance integral 
S = Foil surface area 
V = Foil volume 
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The suh-cadmiiam foil activity -was determined as follows 


/ Icc 

Ieff('bare foil) 

where 

Sa = Subcadmium foil activity per gram, at reactor shutdown 
C = Bare foil activity per gram at reactor shutdown 
A, Ic, and leff are defined for the previous equation 

This expression reduces to the following equation 

Sa = - 

^ V TrE'^p=2NW 

where the expression under the square root sign is for the 
hare foil. 

The thermal flux is then calculated from 
Sa = 2a<!>V(l~e‘^^) 


where 

Za” Macroscopic absorption cross section 
<j> = Heutron flux 

V = Volume of 1 gram foil weight 
A = Radioactive decay constant 
t = Foil exposure time in the reactor 
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